Gene expression profiling of diffuse large B-cell lymphoma (DLBCL) has revealed biologically and prognostically distinct subgroups: germinal center B-cell-like (GCB), activated B-celllike (ABC) and primary mediastinal (PM) DLBCL. The BCL6 gene is often translocated and/or mutated in DLBCL. Therefore, we examined the BCL6 molecular alterations in these DLBCL subgroups, and their impact on BCL6 expression and BCL6 target gene repression. BCL6 translocations at the major breakpoint region (MBR) were detected in 25 (18.8%) of 133 DLBCL cases, with a higher frequency in the PM (33%) and ABC (24%) subgroups than in the GCB (10%) subgroup. Translocations at the alternative breakpoint region (ABR) were detected in five (6.4%) of 78 DLBCL cases, with three cases in ABC and one case each in the GCB and the unclassifiable subgroups. The translocated cases involved IgH and non-IgH partners in about equal frequency and were not associated with different levels of BCL6 mRNA and protein expression. BCL6 mutations were detected in 61% of DLBCL cases, with a significantly higher frequency in the GCB and PM subgroups (470%) than in the ABC subgroup (44%). Exon-1 mutations were mostly observed in the GCB subgroup. The repression of known BCL6 target genes correlated with the level of BCL6 mRNA and protein expression in GCB and ABC subgroups but not with BCL6 translocation and intronic mutations. No clear inverse correlation between BCL6 expression and p53 expression was observed. Patients with higher BCL6 mRNA or protein expression had a significantly better overall survival. The biological role of BCL6 in translocated cases where repression of known target genes is not demonstrated is intriguing and warrants further investigation.
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Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most common type of non-Hodgkin's lymphoma (NHL), comprising approximately 30-40% of newly diagnosed NHL cases in the United States. 1 Patients with DLBCL exhibit significant diversity in their clinical presentation, cytomorphology, immunophenotype and genotype. 2, 3 Gene expression profiling (GEP) of DLBCL has revealed biologically and prognostically distinct subgroups: germinal center B-cell-like (GCB), activated B-cell-like (ABC) and primary mediastinal (PM) DLBCL. [4] [5] [6] [7] The GCB subgroup of DLBCL overexpresses gene characteristics of normal GC B cells, whereas the ABC subgroup overexpresses a group of genes that are highly transcribed by in vitro-activated peripheral blood B cells. The PM subgroup is characterized by the deregulated expression of genes involved in B-cell receptor signaling and cytokine pathways. There are also a small number of cases that cannot be assigned to any of these three subgroups, that is unclassifiable DLBCL. The overall survival (OS) of patients with GCB-and PM-DLBCL is significantly better than that of patients with ABC-DLBCL. These molecularly defined subgroups have also been shown to carry distinct profiles of cytogenetic abnormalities. 2, 6, 8 The human protooncogene BCL6 was identified from chromosomal breaks at 3q27 9, 10 and encodes a 92-98 kDa nuclear zinc finger phosphoprotein. BCL6 is expressed predominantly in GC B cells 11 and functions as a sequence-specific transcriptional repressor. 12 BCL6 is essential for GC formation, 13 and the BCL6 transgene promotes the development of B-cell lymphomas in the mice, indicating that deregulation of BCL6 can lead to B-cell lymphoma.
14 Translocation and somatic hypermutation are the two major types of molecular alterations involving the BCL6 gene in DLBCL. Chromosomal translocations lead to the substitution of the BCL6 promoter by heterologous sequences derived from the different translocation partners. Clinically, BCL6 translocation occurs primarily in de novo DLBCL. 9 There is no consensus on the effect of BCL6 translocation on prognosis, with studies showing either favorable 15, 16 or unfavorable outcomes, 17 or no effect. 18 As in the IgVH genes, the BCL6 gene undergoes somatic hypermutations in the first intron, and at a lower frequency in the first non-coding exon, 19, 20 and BCL6 expression can be deregulated as a consequence of some somatic mutations. 21 However, the accumulation of BCL6 mutations has not been shown to have any association with disease progression. 22 GCB-DLBCL, with generally high expression of BCL6 has a better OS than the ABC subgroup. 4, 5, 23 However, the influence of BCL6 translocations and mutations on mRNA and protein expression, and their functional consequences have not been studied in the context of DLBCL subgroups. Therefore, we analyzed a series of DLBCL to determine: (1) the frequency of BCL6 mutations and translocations among the subgroups of DLBCL as identified by GEP; (2) the correlation of BCL6 alterations with BCL6 mRNA and protein expression, and the repression of BCL6 target genes; and (3) the predictive value of BCL6 gene alterations, and mRNA and protein expression, on survival in the different subgroups of DLBCL.
Materials and methods

Patient population
We studied previously 240 cases of DLBCL profiled with gene expression by complementary DNA (cDNA) microarray technology. 4 A panel of hematopathologists confirmed the diagnosis of DLBCL in all patients. The cases were classified into different molecularly defined subgroups using the Bayesian method. 24 Of these 240 cases, 92 cases were classified as GCB-DLBCL, 82 cases ABC-DLBCL, 20 cases PM-DLBCL and 46 cases unclassifiable DLBCL. All patients included in this series had received an anthracycline-containing chemotherapy regimen. The Institutional Review Board of the University of Nebraska Medical center approved this study.
Immunohistochemical staining of tissue sections
Immunohistochemical (IHC) staining for CD20 and BCL6 was performed on 138 cases with available archival paraffin blocks as described previously. 25 A prior comparative study of IHC staining in three different laboratories validated the reproducibility of staining and evaluation. 26 Briefly, tissue microarrays (TMAs) were prepared from cases with adequate archival paraffin-embedded tissue. Sections of 5 mm were cut from each TMA and stained with an antibody to BCL6 (Polyclonal, Santa Cruz Biotechnology, Santa Cruz, CA, USA), as described previously.
25 CD20 stains were performed to evaluate each core for involvement by tumor. The percentage of tumor cells stained with each antibody was recorded in 10% increments and for each case, the core with the highest percentage of tumor cells stained was used for analysis. Cases were considered positive if 30% or more of the tumor cells stained for BCL6. 25 Detection of the 3q27 translocation by fluorescence in situ hybridization
Interphase fluorescence in situ hybridization (FISH) analysis for chromosome 3q27 (BCL6) translocations was performed on 133 cases using formalin-fixed, paraffin-embedded tissue sections, as described previously with minor modification. 8 Briefly, a BCL6 break-apart probe (BAP; Abbott-Vysis, Downers Grove, IL, USA) was used to detect BCL6 translocations at major breakpoint region (MBR) and a BCL6 home-brew BAP (Clone RP11-1144D2 and RP11-67E18) at the alternative breakpoint region (ABR) (78/133 cases). 27, 28 Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI) in Antifade solution and the slides were visualized using an Olympus BX51 fluorescence microscope. Images were captured and archived using Cyto Vision software (Applied Imaging, Santa Clara, CA, USA). To analyze the hybridization, a total of 50-100 nuclei per case were scored for the presence of the BCL6 translocation. The normal cutoff for this FISH assay in paraffin tissue sections has been established to be 20% by prior studies. The gain/ amplification data on the 3q27 region of these 133 cases was obtained from a previous study, 2 using comparative genomic hybridization (CGH) and compared with BCL6 mRNA and protein expression. The FISH data for t(14;18) were obtained from our previous study. 8 To examine the correlation between BCL6 translocation and p53 genomic abnormalities, 66 cases of the cohort with p53 gene mutation as well as deletion data were obtained from a previous study for analysis. 29 Mutational analysis of BCL6 intron-1 and exon-1 Genomic DNA extracted from 128 frozen tissue samples used for GEP was available for this analysis. The major mutation cluster (MMC) in BCL6 intron-1 (B700 bp) was divided into three overlapping fragments for PCR amplification ( 0 -ATTCCCTGCCTTCGAGCCG, respectively), see Figure 3 also. Mutational analysis of exon-1 (E1; 37375-37636) was performed using a previously described primer set (E1/E1 00 : 5 0 -ACGCTCTGCTTATGAGGA/5 0 -CGGCAGCAACAGCAATAA, respectively). 21 The PCR mixtures contained 500 ng of genomic DNA, 200 mM dNTP, 1.5 mM MgCl 2 , 50 mM primer and 1.5 U Amplitaq polymerase in a reaction volume of 100 ml. Forty-five cycles of PCR were performed after an initial denaturation (941C, 9 min) followed by denaturation at 941C for 75 s., annealing at 60-681C for 75 s (601C for E1, 681C for F1, 601C for F2 and 641C for F3), extension at 721C for 40 s, and final extension at 721C for 7 min. Mutants were then identified using denaturing high-performance liquid chromatography in a WAVE DNA Fragment Analysis System (Transgenomic, Omaha, NE, USA). 30 Mutant fractions were collected on the Wave system on DNA samples that exhibited shifted peaks compared with wildtype DNA. These fractions were reamplified and then sequenced. The detailed analysis of the mutations was performed with the Vector NTI software program (Invitrogen Inc., CA, USA), and compared with germ line BCL6.
Analysis of BCL6 and target gene expression
We evaluated BCL6 mRNA levels measured by the Lymphochip microarray in all DLBCL cases from our previous study. 4 Expression levels were log-transformed and mean-centered across samples. The value was expressed as the number of fold changes over the reference pool mRNA. 5 The median of hybridization values from four BCL6 cDNA clones, immobilized on the Lymphochip, was used as BCL6 mRNA expression values. We also used BCL6 transcript level, BCL6 protein expression, and BCL6 translocation and mutation data to supervise the analysis of the expression of known BCL6 targets [31] [32] [33] [34] (see Supplementary Reference list for known target genes) present on the Lymphochip for each subgroup of DLBCL. When the GCB cases were divided into quartiles according to their BCL6 mRNA expression levels, we observed repression of most of these targets and there was a general trend toward increased suppression with higher transcript levels. We selected a subgroup of these genes that showed a consistent pattern of repression and considered this subgroup as the most reliable BCL6 targets in the GCB environment. This set of target genes was then used to assess BCL6 activity in other subgroups. For target genes represented by three or more cDNA clones, the median hybridization values were used for analysis. If two clones were present, the mean value was used. The three clones of nuclear factor-kB1 (NF-kB1) on the Lymphochip showed inconsistent expression levels and, therefore we examined the cases that were also profiled with Affymetrix chips. The clone on the Lymphochip (UniqID: 31267), which showed maximum correlation (r ¼ 0.75) with expression levels measured with Affymetrix chips was selected for analysis.
Statistical analysis
The Kaplan-Meier method was used to estimate OS of the patients, and the log-rank test was used to compare the survival distributions between subgroups with and without BCL6 mutation/translocation. OS was defined as the time from diagnosis to death resulting from any cause or, for patients remaining alive, the time from diagnosis to last contact. Eventfree survival was defined as the time from diagnosis to the first occurrence of relapse or death from any cause or, for patients remaining alive and relapse-free, the time from diagnosis to last contact. Fisher's exact test was used to analyze categorical data and the Wilcoxon's rank-sum test was used to analyze continuous data between groups. P-values for the Kaplan-Meier curves were not adjusted for subgroup analysis. For other comparisons, if the overall P-value comparing subgroups and BCL6 variable was significant, then pair-wise comparisons between the subgroups were performed. These post hoc tests were adjusted for multiple comparisons using the Bonferroni method. SAS software was used for the data analysis (SAS Institute Inc., Cary, NC, USA).
Results
Case characteristics
The 240 DLBCL cases profiled with the Lymphochip 4 were divided into GCB (92 cases; 38.7%), ABC (82 cases; 34.2%), PM (20 cases; 7.9%) and unclassifiable (46 cases; 19.2%) subgroups. BCL6 mRNA expression data were available in all of the above cases. Of the 240 cases, BCL6 IHC data were available in 138 cases (57 GCB, 44 ABC, 10 PM and 27 unclassifiable). In the same series of patients, FISH data on BCL6 MBR translocation and gain/amplification were obtained in 133 cases (51 GCB, 46 ABC, 12 PM and 24 unclassifiable) and ABR translocation on 78 cases. BCL6 mutational data was obtained in 128 cases (50 GCB, 43 ABC, 12 PM and 23 unclassifiable). All datasets were available in 106 cases. Clinical data were available on 236 cases (91 GCB, 82 ABC, 19 PM and 44 unclassifiable). No significant differences were observed for any of the clinical parameters in the subgroups with IHC data or FISH data when compared with the entire group of DLBCL.
Prevalence of BCL6 translocations in DLBCL subgroups
The BCL6 gene translocation at the MBR was analyzed in 133 cases by FISH and observed in 18.8% (25/133) of DLBCL cases. The incidence of translocation was higher in the ABC (24%) and PM (33%) subgroups, as compared with the GCB subgroup (10%) ( Table 1) . We also compared the t(14;18) data obtained previously on these cases 8 and observed that only two of 23 BCL6 translocated cases were also positive for the t(14;18), one a GCB-and the other a PM-DLBCL. There does not seem to be any association between these two translocations (Supplementary Table ST1 ).
We also evaluated BCL6 rearrangement at ABR in 78 informative DLBCL cases. Of these, five cases (6.4%) were positive using a BAP for this region. Of the five positive cases, three cases were in the ABC and one case each in the GCB and unclassifiable subgroup. As we expected that BCL6 translocation at MBR would be associated with deregulated BCL6 expression, we compared BCL6 mRNA and protein expression in cases with and without BCL6 translocation. When all the DLBCL cases were analyzed as a group, we observed no significant difference in either BCL6 mRNA expression (P ¼ 0.58) or protein (P ¼ 0.56) in cases with or without translocation. When the subgroups were analyzed separately, the only significant difference was observed in the ABC subgroup (Figure 1 ), where BCL6 mRNA expression was increased by 1.5-fold in the translocated cases (P ¼ 0.045). Similar results were obtained when the cases with translocation at the ABR were added to the analysis. Actually, cases (n ¼ 5) with translocation at the ABR were associated with low BCL6 protein (Po0.025, w 2 test) and mRNA expression (threefold difference, P ¼ 0.05) compared with cases without translocation.
Of the 133 cases studied for BCL6 translocation, 66 cases were analyzed for p53 mutation and deletion 29 (Supplementary  Table ST2 ). There was no significant difference (P ¼ 0.80 by the w 2 test) in the frequency of p53 abnormalities in cases with and without BCL6 translocation. Similar findings were obtained when cases with translocation at ABR were added (P ¼ 0.2 by w 2 test).
Among the 25 BCL6 translocated cases, data on IgH BAP were available in 16 cases, of which six were negative and therefore had a non-IgH translocation partner. Of the remaining 10 cases positive for IgH BAP, FISH using IgH/BCL6 fusion probes (Cancer Genetics Inc., River Vale, NJ, USA) were performed and seven cases had IgH/BCL6 translocation, two cases had variant BCL6 translocation and one was inconclusive. Of the seven cases with IgH/BCL6 translocation, four cases were in the ABC, two in the GCB and one in the unclassifiable subgroups and all the cases with variant translocations were in the ABC subgroup. Therefore, the incidence of IgH/BCL6 vs non-IgH/BCL6 translocation in DLBCL was almost same the (8:7). No differences in BCL6 mRNA or protein expression were observed between cases with or without t(3;14).
BCL6 gene mutations in DLBCL subgroups and correlation with mRNA and protein expression
We defined the mutational spectrum in our cases, including the frequently mutated 5 0 region in intron-1 (MMC), 22 and a newly defined region containing the negative regulatory elements for BCL6 in exon-1. 21 Of the 128 analyzed cases, intron-1 mutations were detected in 78 cases (61%), with higher frequencies in the GCB (74%) and PM (75%) subgroups than in the ABC subgroup (44%) ( Table 2) . There were 302 different mutations consisting mostly of single-base substitutions (n ¼ 251), followed by single-base insertions (n ¼ 38) and BCL6 alterations in diffuse large B-cell lymphoma J Iqbal et al single-base deletions (n ¼ 13). The number of mutations per case ranged from 1 to 24 with an average of 3.9 mutations per case ( Table 2 ). G was the most frequently mutated nucleotide, and transversions were more frequent than transitions (140 vs 110) (see Supplementary Figure 1 ). The average number of mutations was highest in PM-DLBCL subgroup ( Table 2) . Cases of DLBCL with mutations had higher BCL6 mRNA expression than cases with wild-type BCL6 (P ¼ 0.0013); but this was not statistically significant in individual DLBCL subgroups (Figure 2 ). The GCB subgroup had high BCL6 protein and there was a trend toward higher BCL6 protein level in mutated cases (Figure 2 ). Previous studies have reported clustering of mutations in the MMC 35, 36 and postulated the presence of two 37 or three 38 major clusters. We also observed a similar clustering pattern and defined three MMCs that had a mutational frequency X3-fold higher than the entire MMC region (1-1.5 Â 10 À2 /bp vs 5.4 Â 10 À3 /bp). These clusters were located at positions 80-123, 277-316 and 470-513 in the MMC region (Figure 3) . The first mutation cluster (80-123) has been reported by others. 37, 38 In subgroup analysis, the presence of two major clusters was observed in the GCB subgroup (277-316 and 470-513), but clustering was not discernable in the other subgroups probably because of the lower number of cases with mutations. In agreement with previous studies, three single-nucleotide polymorphisms (SNPs) in the MMC were observed at positions 397 (C-G; 20%), 502 (A-G; 10%) and 520 (del T; 10%). The SNPs at 397 and 520 were observed with similar frequencies in the GCB (6 of 14) and ABC (4 of 14) subgroups; however, the SNP at 502 was observed more frequently in the GCB subgroup (6 of 8) than in the other subgroups (PM and ABC with one case each). Exon-1 mutations were detected in 10% (13 of 128) of the cases and the majority of these cases were in the GCB subgroup (9 of 13). These mutations were generally clustered in the DNAse-I hypersensitive region, particularly within the BCL6, STAT1 and predicted CEBP binding sites. In general, mutations in the BCL6-binding sites were associated with increased BCL6 mRNA and protein expression (see Supplementary Figure 2 ).
Relationship between BCL6 translocation and 3q27gains with BCL6 mRNA and protein expression Using a 30% cutoff for positive cellular staining, the expression of BCL6 protein was detected in 78 of 138 DLBCL cases (55%) with the highest expression in the GCB subgroup ( 
/bp
Abbreviations: ABC, activated B-cell-like; GCB, germinal center B-cell-like; MMC, major mutation cluster; PM, primary mediastinal; UNCL, unclassifiable. The polymorphisms at positions 397(G-C), 502(A-T) and 520(Del T) have not been included. n: total number of cases evaluated using the WAVE system.
BCL6 alterations in diffuse large B-cell lymphoma J Iqbal et al the ABC subgroup, there was a statistically significant association between BCL6 mRNA and protein expression (P ¼ 0.0025), but not in other subgroups (Figure 4 ). BCL6 mRNA and protein expression was not significantly associated with BCL6 translocation status at the MBR, but significantly lower expression was observed in cases with ABR (mRNA: P ¼ 0.05 and protein P ¼ 0.025). We also correlated BCL6 protein and mRNA expression with 3q27 gains obtained from CGH performed separately. 2 Of the 123 DLBCL cases evaluated, 3q27 gain was observed in 22 cases (17.8 %) cases and the majority of 3q27 gains were observed in the ABC subgroup (17/42; 40% vs 3/45; 6% in GCB; Po0.001); however, these gains were not associated with increased BCL6 mRNA or protein expression.
Association of BCL6 gene abnormalities and BCL6 target gene repression
We used BCL6 mRNA and protein expression, and mutation and translocation data, to perform supervised analyses of the expression of BCL6 target genes 31, 39, 40 in the different subgroups of DLBCL. Target gene selection was described in the Materials and methods section and repression of the majority of the target genes was observed in all three subsets when the level of BCL6 expression was sufficiently high at both protein or mRNA level. For example, repression of the target genes was observed in the GCB subgroup from the second to fourth quartile of BCL6 transcript levels, but in the ABC and PM subgroup significant repression was observed only in the fourth quartile (Figure 5a) . However, the pattern of repression differed among the subsets and some of the target genes, for example, CD80, STAT3, NFkB1 and BCL-xl, were not consistently repressed in the ABC or PM subgroups. P53 expression levels did not show any significant inverse correlation with BCL6 expression in any subgroup (Figures 5a and b) .
We did not observe any significant correlation between the mutational status in intron-1 and the transcriptional levels of target genes; however, in the GCB subgroup, the majority of target genes showed lower expression in cases carrying exon-1 mutations (see Supplementary Figure 3) .
There was no evidence of repression of known target genes in cases with BCL6 translocation in any of the subgroups of DLBCL. We also examined the expression of eight known translocation partner genes (IL-21R, MBNL, Pim-1 kinase, JAW1, CD71, eIFF4G1, CIITA-8 and MBNL) 41, 42 in BCL6 translocated cases. Cases with non-IgH partners showed higher (X1.5-fold) expression of five (out of eight) known translocation partners genes (IL-21R, MBNL, Pim-1 kinase, JAW1, CD71 and eIFF4G1) compared with cases with IgH/BCL6 translocation ( Figure 6 ).
Clinical characteristics and OS
The major clinical characteristics of patients with or without BCL6 mutations or translocations and with different levels of BCL6 mRNA and protein expression are given in the supplementary tables (see Supplementary Tables ST2-5 ). Patients with BCL6 mutations were more likely to be less than 60 years old than the wild-type cases (P ¼ 0.01), but were similar in the other clinical characteristics examined. GCB-DLBCL cases with lower BCL6 protein expression were more likely to be males (P ¼ 0.005). There were no other major clinical differences.
BCL6 protein expression (X30%) was predictive of favorable OS (P ¼ 0.001) in the entire group of DLBCL (Figure 7a ), and this prediction was also observed with other cutoffs (X10%, P ¼ 0.004; X50%, Po0.001). Higher mRNA levels were also associated with a more favorable outcome (Po0.001) when the cases were divided into quartiles or halves according to their mRNA expression levels (Figure 7b) . In subgroup analysis, high levels of BCL6 protein expression were associated with better OS in the ABC subgroup (BCL6 X50%; P ¼ 0.026). BCL6 protein expression was also a significant predictor of survival in the low International Prognostic Index (IPI) group of patients (P ¼ 0.001). This association was also observed for mRNA BCL6 alterations in diffuse large B-cell lymphoma J Iqbal et al expression (P ¼ 0.009 for quartiles and 0.003 for halves) ( Figure  7 c-d ). In the high IPI risk group, high BCL6 protein expression was significantly associated with a favorable outcome (P ¼ 0.005); however, this association was marginally significant in BCL6 mRNA expression (P ¼ 0.06) (see Supplementary Figure  4 ). BCL6 translocation showed no association with OS in DLBCL as a single entity or in subgroup analysis. The presence of BCL6 mutations was a significant predictor of favorable OS (Po0.001) in DLBCL and in the ABC subgroup (P ¼ 0.04), but was of marginal significance in the GCB subgroup (P ¼ 0.08). The association of mutational status with favorable outcome was also observed in both the low IPI (P ¼ 0.02) and high IPI risk groups (P ¼ 0.008) (see Supplementary Figure 5 ).
Discussion
DLBCL is an aggressive lymphoma that frequently harbors BCL6 genetic alterations, including mutations in the 5 0 non-coding region and translocations involving Ig genes and several non-Ig partners. BCL6 mutations show the characteristic features of hypermutation involving the Ig gene loci, but at a lower frequency. BCL6 is a transcriptional repressor regulating important genes in B-cell differentiation, survival, cell-cycle control and inflammatory reactions, and is essential for GC formation. The two common genomic alterations (translocation and mutation) affecting BCL6 may lead to dysregulation of B-cell maturation and contribute to lymphomagenesis in a significant proportion of DLBCL. 13, 43, 44 This study aimed at defining the incidence of BCL6 gene alterations in the different subgroups of DLBCL as defined by GEP. In addition, we have (10) 4 (40%) 6 (60%) UNCL (27) 10 (37%) 17 (63%) Total (138) 78 (56%) 60 (44%)
Abbreviations: ABC, activated B-cell-like; GCB, germinal center B-celllike; MMC, major mutation cluster; PM, primary mediastinal; UNCL, unclassifiable.
BCL6 alterations in diffuse large B-cell lymphoma J Iqbal et al explored the biological and clinical consequences of these genomic alterations in DLBCL and its subgroups. BCL6 mutations arise in normal GC B cells due to somatic hypermutation and the mutations are, therefore, present in tumors that are derived from GC or post-GC B-cells. 22, 35, 37 In our series, BCL6 mutations in the intronic region (MMC) were detected in 61% of all DLBCL cases, which is similar to previous findings. 20, 35 Both the GCB and PM subgroups of DLBCL had a high frequency of mutated cases ( Table 2 ), suggesting that these lymphomas maintain an active hypermutation program for a prolonged period during their development. 45 The lower incidence of mutation in the ABC subgroup probably indicates that the GCB program is inactivated earlier in this subgroup. A preferential distribution of mutations in several regions has been reported. 37, 38 We also observed clustering of mutations in three regions, but only one region (80-123) has been reported previously in DLBCLs. 29 Although one report 37 suggested that mutations in one cluster (420-443) were associated with increased protein expression, we did not find any correlation of BCL6 mRNA or protein expression with any of the intronic clusters, thus confirming other reports. 35, 36 We found that 10% of our DLBCL cases had mutations affecting exon-1, present mostly in the GCB subgroup (nine of 13; 69%). These mutations were confined to the DNase-1 hypersensitivity sites in exon-1, often affecting the two BCL6 autoregulatory sites. 21 Mutations in this region may be associated with upregulation of BCL6 mRNA and protein expression, but more cases need to be studied to confirm this observation.
BCL6 translocation in the MBR encompassing the first noncoding exon and 5 0 region of the first intron has been reported to occur in 20-40% of DLBCL, 16, 46, 47 but more recent studies have found the frequency to be closer to the lower end of this range. 15, 17, 48 Our analysis showed a frequency of 19% and, interestingly, the incidence was higher in the PM (33%) and ABC (26%) subgroups than in the GCB (10%) subgroup. In the GCB subgroup, where BCL6 expression is generally high, overexpression as a result of translocation may not be readily appreciable. In the ABC subgroup, BCL6 translocation was associated with an increase in BCL6 mRNA expression, but the level was still significantly lower than that typically found in the GCB subgroup. This relationship did not change, when ABR cases were added to the analysis, but with reduced fold change (1.4 vs 1.5). In the PM subgroup, we did not observe any appreciable increase in BCL6 mRNA or protein. There was no evidence of target gene repression in association with this translocation in DLBCL, and the functional significance of BCL6 translocation in established DLBCL is unclear. This observation does not, however, invalidate the possibility that BCL6 translocation is important in the pathogenesis of DLBCL. Translocation of the BCL6 gene involves a number of non-Ig partners, whose expression may be under the influence of the BCL6 regulatory regions, [49] [50] [51] [52] and the expression of some of these partner genes may influence the biology of the DLBCL. Many of known partner genes (5 of 8) were highly expressed in non-IgH/BCL6 translocated cases and the role of these genes in lymphomagenesis warrant further investigation.
Another breakpoint at the ABR located between 245 and 285 kb 5 0 of BCL6 27 is preferentially associated with follicular lymphoma, 28 but also occurs in a small percentage of DLBCL. We observed this rearrangement in 6% of DLBCL cases and these cases were mainly present in the ABC subgroup. There are too few cases to independently study the breakpoint at ABR but analyzing all the translocated cases showed no significant differences from the results obtained from studying only cases with a MBR translocation. Because BCL6 translocation is not associated with the repression of known BCL6 target genes, we evaluated the association of BCL6 mRNA and protein expression with target gene repression. Repression of many known BCL6 target genes was clearly observed in the GCB cases that expressed high levels of BCL6 protein or mRNA. We selected a subset of genes that were most consistently repressed in the GCB subgroup and used this set to assess target repression in the other subgroups. Repression of most of these genes was seen when there was a sufficient level of BCL6 mRNA or protein expression. However, some of the target genes are not repressed in the ABC subgroup and an even larger set were not repressed in PM-DLBCL. This observation suggests that target gene repression is partly dependent on the cellular context. Certain co-repressors may be present at a low level or not function properly in the non-GC environment. Some BCL6 targets such as BCL6 alterations in diffuse large B-cell lymphoma J Iqbal et al MIP-1a, BCL-XL, CD44, CD80 and IP10 are also NF-kB targets (see Supplementary Reference list) and the NF-kB pathway is activated in ABC-and PM-DLBCL. 53, 54 It is possible that BCL6 may have other target genes in the non-GC B-cell microenvironment, and BCL6 has recently been shown to exert its function through binding to another transcription factor, MIZ. 33 Therefore, BCL6 may exert significantly different functional effects in different subsets of DLCBL.
It has been shown that the p53 gene is a target of BCL6 in normal GC B cells, 32 but a clear inverse relationship was not observed even in the GCB-DLBCLs. One possibility is that the level of p53 is normally low and its upregulation requires an inducing signal. Therefore, the regulatory effect of BCL6 on p53 may not be apparent. An alternative explanation is that the control of p53 in DLBCL is more complicated than in normal GC B cells and repression by BCL6 may not be consistently BCL6 alterations in diffuse large B-cell lymphoma J Iqbal et al observed. We also did not observe a significant inverse relationship between BCL6 translocation and p53 gene abnormalities suggesting that BCL6 deregulation is not functionally equivalent to p53 deletion. We correlated BCL6 mRNA and protein expression in the DLBCL subgroups and a significant association was seen only in the ABC subgroup. In the GCB subgroup, BCL6 mRNA and protein expression is frequently high, but does not show a significant correlation, suggesting the possibility of post-transcriptional and translational control of BCL6 protein expression. 55 We demonstrated in this study that patients with higher mRNA or protein expression had significantly better OS. The relationship between BCL6 mRNA and survival was also shown previously in a study of a smaller number of cases.
23 BCL6 gene expression can stratify patients into good and poor prognostic groups, even in the low and high IPI risk groups. We also observed that the mutation status of BCL6 has prognostic significance. It is possible that the better OS reflect DLBCL subgroup distinctions, because the better prognostic GCB subgroup had a significantly higher number of mutant cases and also significantly higher mRNA and protein expression. However, high expression of BCL6 in the ABC subgroup was also associated with better OS, which suggests that BCL6 could be a biomarker independent of subgroup distinction.
In conclusion, this study demonstrated significant differences in the frequency of BCL6 molecular alterations in the different subgroups of DLBCL. Translocations were more frequent in the ABC subgroup and associated with an increase in BCL6 mRNA expression. Mutations in intron-1 were more frequent in the GCB subgroup, but did not seem to have a significant influence on the expression level of BCL6. BCL6 is a target of somatic hypermutation and many mutations will be stochastic with no consequence on BCL6 expression. Exon-1 mutation was much more frequent in the GCB subgroup and may upregulate BCL6 expression when it involves the BCL6 autoregulatory sites. The set of target genes repressed by BCL6 expression is influenced by the cellular context, and hence, the effect of BCL6 expression may be unique for different subsets. Nevertheless, high BCL6 expression is associated with better survival even in the ABC subgroup. In the GCB subgroup, BCL6 may downregulate NFkB1 34 and STAT3 expression (BH Ye, personal communication). The lack of activation of these two important oncogenic pathways may account for the better survival in these patients. The lack of apparent repression of p53, in contrast to normal GC B cells, may also be significant because p53 mutation/deletion is generally associated with poor survival. What then is the role of BCL6 translocation in DLBCL, as the reported target genes are not repressed? It is possible that BCL6 is important in the initial phase of transformation of these tumors, but is no longer necessary after establishment of the lymphoma. The possibility that BCL6 continues to exert its oncogenic effects in DLBCL, by repressing target genes other than those involved in normal GC B cells warrants further investigation. Figure 6 Relationship between BCL6 translocation and BCL6 target gene or translocation partner gene expression. Most of the BCL6 target genes showed increased rather than decreased expression in both the ABC and GCB subgroups (for example, Id2, Blimp-1, CD80, MIP-aIP-10 and P53). Some of the known BCL6 translocation partner genes (IL-21R, MBNL, Pim-1 kinase, JAW1, CD71 and eIFF4G1) were highly expressed in non-IgH/ BCL6 translocated cases. GCB, germinal center B-cell-like.
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